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OPTICALLY PUMPED POL.4R!ZED ION SOURCES

Olin B. v:ln Dyck
Los Al:imos Nii[ioniil 1.:ll-xmmry

Los Akmms. N\l 87545

A13STRACT

Recent operiuing experience and development of the Optically Pumped
Polw_ized Ion Source (OPPIS) projects ii[ LAN1PF ilnd other Li\bor:i[l~ri~s is reviewed,

1. INTRODUCTION

Recently [here hilve been several thorough :md schol:lrly rcviewsl,~~~!~~son
OPPIS technology. This brief ii~i~k will give an update of recent oper;~ting experience
ilnd development and some spcculution on possible future pcrformmm,

Because 1 W of liis~r light comespcmds roughly to I piuricle-amptre of
photons, presently avtiilable mulri-w:ut lasers could provide a nearly inlinite source of
angular momentum for spin orientation of ions. However, with avtilklble liner
wavelengths, a polanzable electron donor medium (a]kv’; viip~r) must be used to
trimsfer spin angular momentum from [he laser betim to the pi~i~le kilm. In present
sources, the btmrn extracts very little of the spin in [he viipo~ most of the ~lilrizil[i~n
es~i~pes from the usable volume of the Viipor on [he themud tilft of the alkali iitoms,

The use of an ~~~hi~ge medium iIlso meitns thilt [WOcharge exchilnges iwe
necessary to produce polarized H- from incident l++. Although the maximum double-
chmge-exchange efficiency estimilted from the cross sec[ions is 6-770, tinite ;q-wrtures
and the long neutrul-beim~ drit’t (50-60 cm or more) in ;ill realized 01’PIS configurations
i~pparently set the net efficiency to less d~iinone-tenrh of the miiximum. .S(}with the
miwimurn available initiid H+ flux on the order of 100 mA, H- currents of order I(N)
pA have been achieved in low-duty-factor sources, and 20-40”AA iit high duty fiictor,

These considerfltions have led [o the more or less stiindtird source contlguri{fion
ilnd pertormiuwe described in Section 2, Section 3 reviews some recent work directed
towards source optimizmion, Section 4 describes id[emutive source contig: riltions iit
[he Moscow Meson Fil~tory (MM F), and Section 5 ttibultitcs Pcrfmmilnce.

2, TI IE STAN12# RD OPl]lS (X) NFK1JRATION

l:ig. I is n hh~k di:lg~ilnl of the 1.AMPF CIPPIS configur;uitw (IIICsyst~ll~s ilt
K [;K ITstlkllbti, Jiiptirll iind TRIUMF IVimcouvcr, Cilnii(lil] iil~ roLlghly simi];w). “I”Iw
1.()-”1.ilxiiil milgne[ic field for [he polnrizer cell is providml by ii superconducting
I]lilgnet wi[h ii 14-cm h~tt, which tillows ~ll(~tlghspil~e mdiidly for ~l(lctlll[ltcv[lcllll[ll
pumping of the hydrogen giIs flowing out of the [lCR souruc; this is imp(wttillt ttw
minimizing [!~e(unpolitrized) 11° ki~m lmncd in this region. AH il(l(litiot]iil Wt of

stlpcrc[~ll[itlctillg coils in the mognct pmvidcs ii ~liisllli~cxmtinemcnt Z,(NWhctwccn thr
tw(~PIC’R,msoni~nccs il[ (),7 “Iq,Table I (in the (lm’lmi(m) gives [~ fcw t)t’ the LIc[[lils tijr

I IN S(NIKCS :It the four [.ilhOrilloriCS.
It is inlpt)rtitnt to optimize the iICR ion ~]p[icsto nli~ximize the tltlill 11-uurrcnt

rilthcr thi~tlth~ i]]iixillllllll ll(lR ptxmm current. Atl ill~[M~rtilntdcvelopmcm ii[ I.A MIJI:
W;l\ the discovery (Jf lhC “i14X’Cl-ilL”L’Cl” Iliilsillg I1l(MIC, whit’h Ilil!iIIN!middle clcc[nxlc ilt

the S:IIIIC p~dnrity ils IIN Ilrst (4 kV) clcctr~tdc, “1.RI(IMIJ i~lsofoiild [l~ii[il~’~.~1-il~’{.cl
Iliilsirlg is better ilrl(l KIIK is in the pr(xcss (JI’L’VJIUiltir)g this s~’hcnlc.
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Fig. 1. OPPIS configuration ii[ LAMPF, simil:lr [o KEK und TRILJhlF.

Wi[h accel-ticce] bi:lsing, the estrx-tion potenti:il is only :ihm[ I kV :Ind the
extrw-ted proton current is uonsidcrubly Iwcr dl:m wi[h “:~cccl-decel,” IXI[[he tin:~l
hew-n tlux- is seven times l~ighcr.6 The ~;lin is pri~biibly dw to rcsh:lping of [he pl;IsnuI
sheuth to mke [he txu-title tr~iecmries more namllcl, but m:iv Jlso be reluted [o sPiIce. .
ch:wge neutralization. hllpiri~iil op[imiz:ttion h;ls led [Othe electrode uontigur:l[itm
sket~hed in Fig 2, Effectiveness of the il~~~l-;i~~~l mode :lppe~wsto be Iimitcd to
particular electrode geometries. More demils :we givrn in rcfs.s’fi
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Fig, 2, ECR configuration, In [he LAMPF version, [he tirsr (4 kV) electrode is 1,5
mm thick und hw 19 or 37 1,()-mm holes. Electrode sp:wil]g is 1.() [ml~.

3, OiTHMIZING POI.ARiZA’l”lON AND BIIAM (’l JRRi;NT

“l-heH- ion currerlt fron~ OF’PIS re:l~’hesii limit SC[by rleumlliz,i~ti{m equilihritlll~
:ISthe pt)l:rizci cell thickness is i[lcrciise~l;(or [he idk:llis N;I-(’s, cq~lilibriurn [hickncss
is :mmnd 2-5 x 10’4 ~it/cmn~~,Fig, 3 SINJWSme;lsuremcn[s’ ;It l. AMPl; indic;lting [hill

with an 11(’R prmon IW;IINdi;mwtur t~t 5 mm, [he put-t(~f[hc vilpt)r siillll)lcd by [hc i[ul
h’illll (“:111h’ ;I(IC(tlllltly X)lilrid by UVilililhlC lilSCrpt)wcr (8W) ~lpt(l [It lCilSt il K

\\
[Ilic”kwss (Hx 101- ilt/~’111*)wllic.h gives iiho(lt 15% ()! [t~~l]~iixi[ll~i[ll cturrcnt,

‘l”tlC dillil irl I:ig, .1C’iltlh lit to :1sin]ple model’~~ which iflc(N”plrillCSIIIC
logi~ri[htl~icii~)proiiCh of [)olilti~,;llion” to i[s ;lsytl]ptt~[ic V; IIIIC with irl(.rc;]sing liis~r p(JWtII:

illC Iisympluliu Vil ItlC thUS f(nlrd is iltX)Ut 70%. ‘I”his V:lIUC, illlll (IN cxlwricrlcc ill ;111[IIC
l,illM)rilI(ll”iCS, SNggCStS ttlllt thC Il)uxilllmn pril(.’[ic’ill polilri/illiol)” is it] tlW r:ltlgc 65-70’1,



The final ion-be:tm polmizution is set by [he prcduu[ of the v;lpor pol:wiz;ition
PK times [he three transfer efficiencies:

P- = PK x (churge-exch spin effy) x (Sons eft’y) ‘~(ionizer spin effy)
x (b:~ukground be:im dilu[ion fwtor)

Although e:tch f~c[or is believed to be :lbove 90%, it is difficult to know the f.]ctors
sufficiently accurately to rmke iI confident prediction of tinol poku-ization, or even to be
sure which term to iit[~~k in source optirniz[ltion. The t-lrst [hree “effkiencies” in [he
equwion [ire coupled functions of the mugneric fields in the source ond do not lend
[hemselves to independent determimltion. In pm-ticuklr, the Son:l hypertine spin-
cxchnngc efficiency is ii function of the field sh:~pe ;it the exi[ ot’ the pokuizer und the
entr:uwe of the ionizer; changing either field also chonges [he Sonti efficiency.

There is some completely unpolmized contribution to the ncutr:d beam IIUX fr(ml
tlw H() fomled from hydrogen gw new the ECR source :md ;)lk:lli v:lpor outside of the
unifoml m~gnet field region where the laser bet~m is absorbed. The former, es[irmtted
by measuring I-w:mlcurrent vs :dktili density nt low t~rllp~ri~[ur~, :Ippcars to bc ii few
percent eflect, The l~tter is estinuued from the cell geometry to be very srn;~ll.

The alk[ili vapor polarization in the centml mgnetic field region is c:dc-ulated
from the rutio of measured Farndtiy rotntion [Ingles in the v:lpor when polm-ized ;~nd
unpolarized. The “unpolarized” :Ingle is smiill and contributes typic;illy S- 10% to Lhe
error on the vilp~r polti~i~tion. Thus it is difficult [o know the A-m]u!e villu~ d the
Viip{>rpoliu-izii[ion with sufficient i~~~uril~y to tell [he difference between ‘)()iind 9570. ~1
further iimhigui[y wises bec~use the probe lils~r beiim does not Siimple ex;lctly the s:uiw
v;~porvolume as the particle km.

(Ic’wly it becomes iltl inefficient use O( Imer power m run the Poliuiztr cell t(x)
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near equilibrium thickness. There are :1(lcost two other F,lctors which limit us:ible \r;\pc>r
density.

The first factor is rodi;ltion tmpping,’) which is the re:~hsorption hy the v:lpor of
the vtipor fluorescence r~di:l[ion. Since [his competes with op[ic:ll pumping by [he
polw-ized l:iser beam, it hns :i depohrizing effect. For K, the r;uli:ition trapping limi[ on
po!a.r-izedv;ipor densi[y sets in neti charge-e xch:inge equilibrium thickness wi[h :1 lo-
cm cell; for Na, the raditition !rfl.pp~nglimit is tilmost a fw’tor of two Iowcrl’). The
second Factor is Iaser-inductd vtipor thinness. This phenomenon, seen a[ LA\l PF
KEK, and MMF, cuuses a reduction in tlnal beam current ~t high dmrsity,:lnd laser
power. It is not completely understood, but may be an ioniz~[ion-recornblnation etfect
occurring with a high density of excited alkali :~toms.~

Since the optic:!l pumping cycle [:lkcs on the :~verage three photons m tlip the
electron spin in :~n~tom, one expects [hut the number ot’polarized ~~tomsIn the v:~por is
propofiiorud 10the l:lter power ;~bsorhed by the vapor, :it Ie:isr in const:lnt geometry.

The be:lnl polm-iz:ltion :md l~lser:Ibsorption d:l[:i from ref. 7 h;is I-wentransfomwd to
gi~e the number of polm-ized ;l[oms in the v;]por per unit of :Ibs(wbed power tind is
shown in Fig, 4.
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Al[hmgh [he iik)rp[ic)n l~teiistlretl~ents h:we cwnsidcrilhle Iluctutirions IM--C.:IUSC
of the inlert’erence of the ECR hole pittterrt with stnlc-ture in [he Iilser-killll intel]si[y
pr(}tile, the trend of decrrusing photon efllciency iit higher pt)wers id densities is

~l~ilr; in (ii~mt,over the ritngc gmphed, the efficiency vi~ties by il lil~.t(~r~~t’two. We do
n~~tunders[:lnd this l;lrge effect, hut suggested ciil]scs iire rdiilti[m tr;lpping ii[~(l

~[i[lliililtd cinisskm. Iklth ctfcCt\ W(NIld bC :iCCCnttiiitCd hy nonuniform \piitiill

(Iistributiuns t)t vqwr (Icnsity iilld lilSCr intensily.
l;vi~lcntly lhcrc iUe scvcrd limits or CmlSlrililltS on increilsing stmrcc cllrrcl~t hy

inl.rc:lsing viipor thickness, ()[hcr c“(n)rxliniites ()! [hc pn)hlcm ilrc ill,jeuw(l hcm c“un-cnt
(Icnsity illl(i diillllctcr, illl(i rwutr:ll IICillll :Icl’cpt:lllc’c.‘1”~1inc’rCilSc ~’urrcnt density, KI{K is
:Ib]c [(Jusc In[llti:lpcr-t(lrc clcctr~xlcs wilh VCIy thin Illc[ill webs, umlcr (),25 mm,



between holes to achieve N_)%transparency. Although at higher duty f~ctor (LA hlPF
imd TRIUMF) the web must be a little thicker, typical uansptwency (open area inside
[he hexagon) is still 70%.

Empirical methods may still give further modest gains in neutral beam
acceptance by improving the ECR ion optics, It is not clear whether rhis problem IS
~onlput~tion~lv tractable because of space-charge effects, the presence of many metill
surfaces, complicated geomet~, and high magnetic field.

Increitsing the rwliid dimensions of the system will increase source currcn[ up to
the limits set by other apertures (ultimately, the accelermr uccept:mce). With the
standmd ECR contlguration, the proton current is increased simply by adding another
set of holes to the outside of the hexagonal ptittern. However, widitional laser power is
needed to obtain the same polarization in the larger volume. [t is interesting m note thw
[he laser power only needs to increase its the first power of radius. since the outward
tlux of polarized atoms is proportional to radius, wheretis the number of atoms inside is
proportional to radius squured,

In the LAMPF source, changing from 19 to 37 holes (7 mm across the
hexagonal tlms) nearly doubles the beiim current. However, research program .
requirements in 1990 were better setved by the 770 higher politriza[ion with the lower-
current beam, Prepariition for LAMPF 1991 operii[ion has been to ensure availability
of 20-VA peak current and 6570 polarization. The inc7eased polarization is olmiined hy
doubling the laser power over the single-laser pumping contlguriuion shown in Fig. 1.
This is uchieved by ~hifting the laser frequencies during spin flip7 so that bmh Ti:Saf
I:lsers can be used to pump h~th spin sta[es,

Recent operition ut TRIUMF used 61 1-mm holes in iI hex pattern 10.4 mm
~ II it was found that iI 3 l-holeiwross the flats, In subsequent beam development,” *

puttcm (dmived from :i 37 hole hex pattern with the corners omitted) raised the beam
poliltizafion ubove 60% with less thitn a f~ctor of two loss in accelerated &am current;
[his is the plimned mode ofoperution Iuter this year.

In midi[ion to convmting to Ti:Suf hlsers this ~~itr, TRILJMF will tittcmpt to use
Rb in the ~>liltizer cell to mise the rwiiittion trilpping hmit 011vapor density. Prcliminq
results from MMF itls{~indicate thtit Rb is superior.

4, ALTERNATIVE Cl) NFIGIJRATlONS

The highest peak cument in OPPIS has been achieved with multiple-chitrge-
exchange proton-betim injecticml, a method which tippears to be limited to very low
duty fmor, us indiwtted in Ttible 1.This high cument shows however thtit optimum
injection of the proton bCilm is essential for m:iximum pcrfornlilncem

This mcthti idso leads nitturilly to the scheme of spin cxchangc. If t nciltrid
u[omic hydl,ycn barn insteid of u proton beam is injcc[cd into the pditized vi~V}r,iln(l
if the vil~~~ris thick enough to ensure sevcr;d cleutrmt (spin) exchiutges, [he emergent
ncutrul bei~mcan be highly polarized, In the MMF system, neutri~lbeam injection is
iutcwn~plished simply by eliminitting the stripper cell in front of the poliwizer, 1Iowever,
iltthicving il highly poltized und sufficiently thick Vilpt}r,i{h}tlt 10 [imes thic’kcr thiln
tl~~~ssiiry in [he ~hiirge-cxchilngc ~onfig(lril[i(}tl. requires high lils~r power itnd
~.ircumvcn[ing the other dit’liculties tncn~i~med :Ihwc il[ high density, Present
devcloprncnt il[ MMI: is [OCviilui{teii K :Kb mixture pIIInpCd with pu1.scd‘l”i:Silfor
Alcx:mdrilc Iilscrs hilving Up t{) I kW l~iik pt}wcr,



5. CONCLUSIONS

Table I shows the performance achieved in beam delivery for research ;md in
development at the four Laboratories with optically polurized sources. Although the
low-duty-factor sources have it clear advantage in peuk pert”orn-mnce, [he loo%-duty”
fiicilicy has the edge in average current, 5 PA, accelemted and delivered for research,
with the 1()%-du[y facility not FMbehind with up to 1 VA ovmge cument avuilnble.
(The large loss of cument from the injector to itccelerittor output at TRIUMF m-ises from
the cyclotron acceptance. ) With careful optimization of the standard con!igumtion, it is
not unreasonable to expec: perhups witilin two ye:trs i~nion source cnpah]e of high-
duty-factor operaticm at 65% polarization and 100 MA with nottnalized emittimce (90%
of mea) under 1 n mm-mrad. On the other hand, development of alternative source
contigurmions--maylx not in the same time frame--may jump over these limits, Success
of the OPPIS method provides a good example of the benefits of interlohoriitory
cooperation; this continues todity.

Ttible 1,OPPIS parameters for production ild development :\t [he four l.ilh(>ril!(~ries.
H+ source Alkali Field Laser Eff .pwr 1-peak P- dl

T w VA 0/0 0/0

KEK prod ECR Na 1,2 FLD” >35 120 65 0,2
MMF dev DuoPI. Na 1,2 FLD” 17J 400 65 0,01

LAMPF prod ECR K 1,6 Ti:Sai 3.5 17(1”*) 62 10
dev 8 22 65

TRIUMF prod ECR 2,2 Dye 6 25 (5**) 61 100
dev R? Ti:Saf

“ FLD = flash-lamp-pumped dye laser ““average accelerated cur~ent
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